Abstract. Inhibition of Notch signaling pathways, consisting of 4 highly conserved receptors (Notch 1-4), induces expression of Krüppel-like transcription factors (KLFs) linked to bladder cancer tumorigenesis and metastasis. Effects of Notch-1 knockdown on cell proliferation, differentiation and KLF4 levels in bladder cancer cell lines were investigated. PsiRNA1-mediated Notch-1 and KLF4 knockdown models and control model without the psiRNA1 vector were constructed using bladder cancer cell lines T24 and BIU87.
Introduction
Bladder cancer is a heterogeneous disease that can manifest as superficial tumors (70% of patients) or muscle-invasive tumors (30% of patients) with a high risk of invasive metastasis (1) . The disease is more common in men, and risk peaks at the ages of 50-70 (2) . While high-grade non-invasive tumors can be treated intravesically, the standard of care for muscle-invasive tumors is radical cystoprostatectomy or, alternatively, transurethral tumor resection, radiation and chemotherapy (1) . Environmental factors, such as cigarette smoking (1) , and genetic factors have been linked to bladder cancer, including oncogenes TP63 (3), epidermal growth factor receptors (EGFR) (4), tumor suppressor genes TP53 and RB1 (5), Ras p21 proteins (6) , and cell cycle regulatory proteins, such as CABLES, Ki67 and cyclin D1 (1) . Despite these advances, the morbidity associated with invasive bladder cancer remains high (7) . Thus, a better understanding of the cell proliferation and differentiation mechanisms in bladder cancer cells is required before improved therapies can be designed.
RNA interference (RNAi) is an endogenous mechanism in which RNA molecules inhibit post-transcriptional gene expression (8) . RNAi has been extensively employed by contemporary researchers to establish experimental knockdown models of mammalian cells using engineered gene-specific small interfering RNAs (siRNAs) (9) . To better understand tumorigenesis, RNAi techniques have been used to elucidate the function and full cellular processes involved in complex signaling pathways, such as the Notch signaling pathway (10) . The Notch signaling pathway is of particular interest in cancer research as it is evolutionarily conserved in virtually all multi-cellular organisms (11) , which generally exhibit 4 types of Notch transmembrane receptors: Notch1, Notch2, Notch3 and Notch4 (12) . As key regulators of intracellular signaling, these Notch receptors are critical to cellular differentiation, proliferation and apoptosis (13, 14 (15) . Notch signaling was first implicated in tumorigenesis when the recurrent t(7;9)(q34;q34.3) chromosomal translocation in the human Notch1 gene was identified in a subset of cells from human pre-T-cell acute lymphoblastic leukemia (T-ALL) (16) . Since then, Notch signaling has been recognized as a potential target for therapeutic intervention in cancer, although available data pertaining to Notch signaling in bladder cancer is limited.
It has been reported that the Notch cascade directly regulates the expression of intestinal epithelium Krüppel-like transcription factors (KLFs) (17) , key regulators of cell proliferation, differentiation and apoptosis. Members of the KLF family are characterized by triplicate C-terminus Cys2 his2 zinc fingers separated by highly conserved H/C links (18) . Downregulation of several of the 15 identified KLFs, particularly KLF4, has already been linked to growth suppression and apoptosis induction in bladder cancer (19) . While short-chain fatty acids can increase KLF4 expression, Notch signaling acts to inhibit KLF4 expression (20) . Thus, Notch inhibition indirectly induces KLF4 expression (20) , potentially playing a role in tumorigenesis and metastasis in bladder cancer.
To further characterize the role of Notch-1 in the bladder cancer cells, RNAi was used to generate Notch-1 knockdown models of human bladder cancer cell lines (T24 and BIU87) using siRNA eukaryotic expression vector Notch-1 (psiRNA1). KLF4 expression in bladder cancer cells after transfection was also detected in order to investigate the relationship between Notch-1 and KLF4 levels in bladder cancer cells. This study provides a basis for understanding the role of Notch-1 in cell proliferation and differentiation in bladder cancer.
Materials and methods
Cell cultures. human bladder cancer cell lines T24 and BIU87 were provided by our lab. All cells were maintained at 37˚C in a humidified atmosphere of 5% CO 2 in RPMI-1640 medium supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS; both from Gibco, USA).
Transfection of notch-expressing vectors.
The siRNA eukaryotic expression vector of Notch-1 (psiRNA1) was constructed and identified as previously described (21) . Then, psiRNA1 was transfected into T24 and BIU87 cells (Notch-1 knockdown cells) using a Lipofectamine™ 2000 Transfection kit (Invitrogen, Netherlands), according to the manufacturer's instructions, using the siRNA sequence: 5'-TGGCGGGAAGTGTGAAGCG-3'. A vector without psiRNA1 was also transfected into T24 and BIU87 cells as control cells. Following transfection, all cells were treated with 800 µg/ml G418 (Sigma, USA) for 3 weeks. Stably transfected cells (resistant clones) were ring-cloned and cultured for further analysis. Downregulation of KLF4 expression (KLF4 knockdown cells) was achieved using siRNA against human KLF4 and a negative control siRNA was established for these cells.
Cell proliferation assessment by MTT assay. The proliferation of Notch-1 knockdown and KLF4 knockdown cells was assessed simultaneously by 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium (MTT) assay. Briefly, cell suspensions (1x10 3 cells/ml) of Notch-1 knockdown, KLF4 knockdown, and their respective control cells were transferred to 96-well plates in triplicate. Cells were then incubated for 12, 24, 36, 48, 72 and 96 h. At 4 h before the end of each incubation period, 20 µl of MTT solution (5 mg/ml) (Sigma, USA) was added. Then, cells were centrifuged at 2,200 x g for 5 min, the supernatant was removed, 200 µl of dimethyl sulfoxide (DMSO) was added, and the optical density (OD) was determined at 492 nm.
Detection of apoptosis by flow cytometry. For flow cytometry, T24 and BIU87 cells were resuspended to 1x10 5 cells/ml in phosphate-buffered saline (PBS) solution supplemented with 10% FCS. Cells were then transfected as previously described and incubated for 3 days at 37˚C in 5% CO 2 . Cells were then washed, resuspended in PBS, dyed with propidium iodide (PI) for 30 min at room temperature, and analyzed by flow cytometry using a flow cytometer (BD FACSAria™III, FACSCalibur; BD Biosciences, USA). Annexin V-FITC/ PI double staining assay was used to detect cell apoptosis. Briefly, after similar transfection and incubation, cells were collected, centrifuged and washed twice with PBS. Binding buffer was then added to each tube, cells were resuspended, and then incubated with 5 µl of Annexin V-FITC and 5 µl of PI for 15 min at room temperature under dark conditions. Flow cytometry was conducted within the following 1-h period.
Clonal forming assay. T24 and BIU87 cells were infected with Notch-1 siRNA, cultured for 24 h, and plated in 24-well plates (200 cells/well). Plates were incubated for 14 days in a humidified incubator at 37˚C, and resultant colonies were stained with 0.5 ml of 0.0005% crystal violet solution for 1 h. Cells in 5 randomly-selected fields from each sample were counted by microscopy using an Olympus Optical Microscope (CX21; Olympus Japan) (x100), and data were reported as means ± standard deviation (SD) of five measurements.
RNA preparation and semi-quantitative RT-PCR.
Total-RNA was extracted from ~5x10 6 to 1x10 7 cells using an RNeasy kit (Qiagen, Germany), according to the manufacturer's instructions. Resultant total-RNA was stored at -80˚C for use in the following experiments. Semi-quantitative analysis of Notch-1 mRNA expression was completed by multiplex reverse transcription-polymerase chain reaction (RT-PCR), and β-actin was used as a standard. The primer sequences used were: Notch-1 forward, 5'-CTGCCAGGACCCGGACAA-3' and reverse, 5'-TACCCGGCAACGTCGTCAATAC-3'; β-actin forward, 5'-CCTGTACGCCAACACAGTGC-3' and reverse, 5'-ATACTCCTGCTTGCTGATCC-3'. Extracted total-RNA samples (1 µg) were subjected to reverse transcriptase reactions to produce cDNA using SuperScript ® II reverse transcriptase (Invitrogen Life Technologies), primed with oligo(dT). Semiquantitative PCR was then performed using synthesized cDNA templates. cDNA templates (1 µl) were amplified with Platinum Taq DNA polymerase (Invitrogen). PCR products were separated by 1% agarose gel electrophoresis, stained with ethidium bromide and visualized with an ultraviolet (UV) transilluminator (WUV-L50; Kor).
Quantitative real-time RT-PCR. KLF4 mRNA expression was assessed using quantitative real-time PCR (qRT-PCR) with the QuantiTect SYBR-Green RT-PCR system (Qiagen, Germany), according to the manufacturer-recommended relative quantitation method. After optimization of each primer pair, samples were assayed in a 50 µl reaction mixture containing 10 µl of sample RNA and optimal concentrations of each primer. Thermal profiles consisted of a 30-min RT step at 50˚C and 15 min of Taq polymerase activation at 95˚C, followed by 40 cycles of PCR at 95˚C for 20 sec (denaturation), 55˚C for 30 sec (annealing) and 72˚C for 30 sec (extension). Each experiment was conducted in duplicate.
Western blotting. Cells were washed with PBS and lysed with lysis buffer for 40 min on ice. Extracts were then centrifuged at 15,000 x g for 15 min. Equal amounts of protein from the supernatant were electrophoresed on 8% SDS-polyacrylamide gel and sequentially electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, USA). After blocking with 5% non-fat milk in PBS containing 0.1% Tween-20 for 2 h at room temperature, membranes were incubated with monoclonal rabbit anti-Notch-1 antibody (1:5,000), anti-KLF4 antibody (1:1,000) and anti-β-actin (1:2,000; all by Abcam, USA) at 4˚C overnight and washed three times for 5 min with PBS. Membranes were then incubated with horseradish peroxidase (hRP)-conjugated secondary goat anti-rabbit antibody (1:1,000) (Abcam) for 1 h at room temperature and washed three times for 5 min with PBS. Results were visualized by chemiluminescence using an enhanced chemiluminescence (ECL) immunoblotting kit (Cell Signaling Technology, USA) with a digital luminescent image analyzer LAS-1000 (Fujifilm, Tokyo, Japan). Band intensities were semi-quantified using densitometric analysis.
Statistical analysis. All data were analyzed with SPSS v. 18.0 (SPSS Inc., USA), and results are expressed as the means ± standard deviation (SD). Two group comparisons were analyzed with a t-test, and P-values were calculated. P<0.05 was considered to indicate statistically significant differences.
Results
Transfection efficiency of siRNA. Fluorescence microscopy indicated that the Notch-1 expression plasmid psiRNA1 was successfully transfected into T24 and BIU87 cells. From 24 to 48 h after transfection, high levels of fluorescence were observed in transfected compared to non-transfected cells, which decreased by 72 h (Fig. 1) . No significant differences in transfection efficiency were observed between T24 and BIU87 cells by fluorescence microscopy (P>0.05).
Notch-1 knockdown inhibits cell growth and induces apoptosis.
MTT assay revealed that Notch-1 knockdown cells exhibited significantly lower proliferation rates at 24, 26, 48, 72 and 96 h compared to control cells (P<0.05) (Fig. 2A) . No significant differences in growth rate were observed between Notch-1 knockdown T24 cells and Notch-1 knockdown BIU87 cells (P>0.05). Cell cycle status and apoptosis were detected at 72 h in T24 and BIU87 indicating mean apoptosis percentages of 13.75±1.23 and 8.72±1.01, respectively (Fig. 2B and C) . Notch-1 knockdown significantly increased apoptosis in both cell lines (P<0.05). Furthermore, the proportion of cells in the G0/G1 phase (G0/G1 arrest) significantly increased after Notch-1 knockdown compared to those observed in the control groups (P<0.05; Fig. 2D ).
Notch-1 knockdown inhibits cell viability.
Knockdown of Notch-1 inhibited cell viability in both cell lines, producing significantly fewer cancer cell colonies than observed in the control groups (P<0.05; Fig. 3 ). Fig. 4A ). Western blotting further confirmed that the expression of Notch-1 was significantly decreased by 72 h in both cell lines (Fig. 4B) . KLF4 expression was significantly upregulated by Notch-1 knockdown (P<0.05; Fig. 5 ).
Discussion
By transfecting bladder cancer cell line T24 and BIU87 cultures with psiRNA1, the effects of Notch-1 knockdown and KLF4 knockdown were observed both independently and together, indicating that Notch-1 inhibits growth and apoptosis of bladder cancer cells. Both expression of Notch-1 mRNA and protein in T24 and BIU87 cells were decreased significantly following transfection, associated with Notch-1 downregulation. Furthermore, the mechanism of action was shown to be dependent on KLF4, suggesting that these two proteins are both important in bladder cancer tumorigenesis and metastasis. Thus, Notch-1 downregulation may provide a noteworthy target for inhibition of bladder cancer cell proliferation, with potential clinical implications.
The Notch signaling pathways have been implicated in the oncogenic processes involved in tumorigenesis, although conflicting data exist regarding the oncogenic and tumor suppressing role of Notch-1 (22) . It is, however, possible that Notch-1 plays both roles, depending on specific cellular context and crosstalk with other signal-transduction pathways (23, 24) . This may potentially explain the overexpression of Notch pathway components observed in human solid tumors, including those of uterine cervix cancer, endometrial cancer, head and neck squamous cell carcinomas, lung adenocarcinoma, renal cell carcinomas and neuroblastomas (24) (25) (26) (27) (28) (29) . In bladder cancer, Notch family expression patterns in papillary bladder transitional cell carcinoma have been reported to be very different from those observed in invasive bladder transitional cell carcinoma, suggesting that Notch-1 activity is a context-specific marker of prognosis and survival in these patients (30) . Thus, aberrant Notch signaling in bladder cancer acts through complex and interdependent mechanisms that require further biochemical and clinical exploration.
Relationships between Notch-1 signaling and KLF4 have been previously reported. In colon cancer, inhibition of Notch-1 signaling was reported to reduce proliferation and tumor formation by increasing KLF4 expression (17, 31) . Since the human Notch-1 promoter is bound by KLF4, suppression of KLF4 in human breast cancer cells resulted in attenuation of Notch-1 expression (32). Furthermore, Ohnishi et al (19) reported that KLF4 expression was downregulated in bladder cancer cells and that expression of KLF4 inhibited cell growth and induced apoptosis (19) . In the present study, consistent results were found, indicating that the expression of KLF4 mRNA and protein were significantly upregulated in T24 and BIU87 cells after Notch-1 knockdown. Additionally, proliferation of cells transfected with Notch-1 siRNA was significantly lower than cells downregulated of both Notch-1 and KLF4. Cumulatively, these findings suggest that Notch-1 regulates cell proliferation and differentiation in bladder cancer by directly inhibiting KLF4.
It is, however, important to consider the limitations of this model and the relationships that it suggests. While the upregulation and downregulation of KLF4 and Notch-1 may be indicative of a direct relationship, it is also possible that Notch-1 may signal through a distinct pathway in cells with increased KLF4 activity, as previously suggested (32) . Further study is required to assess if multiple pathways exist and the potential crosstalk between these pathways, which may both be important in bladder cell tumorigenesis and metastasis. Additionally, future research should examine the anticancer effects of Notch-1 downregulation in vivo.
Notch-1 is important in bladder cancer cell proliferation and survival. Notch-1 may act as an oncogene, regulating the proliferation and differentiation of bladder cancer cells by inhibiting KLF4. Transfecting bladder cancer cells with psiRNA1 exerted significant effects on apoptosis and cell viability, and proliferation was inhibited by Notch-1 knockdown. Furthermore, the relationship between KLF4 and Notch-1 merits further consideration. While further study is required to elucidate the full mechanism of these pathways, this study provides a preliminary basis for the design of preclinical studies for possible therapeutic agents targeting the Notch-1 signaling pathway.
